Rationale A robust finding in the alcohol literature is that heavy and alcohol-dependent drinkers show stronger reactions to alcohol-related cues than light drinkers. However, there are individual differences in the degree of cue-elicited craving. Personality factors appear to be involved in cue reactivity and impulsivity is a possible candidate. Objectives The aim of the present study was to examine the role of different aspects of impulsivity in heavy drinking and alcohol cue reactivity in social drinkers. Methods Participants were heavy (n=13) and light (n=29) social drinkers who were exposed to neutral and alcoholrelated stimuli during a single laboratory session. Trait impulsivity, response inhibition, and sensitivity to reward were assessed with the Barratt Impulsiveness Scale (BIS-11), the Stop Signal Task, and the Card-Arranging Reward Responsivity Objective Test, respectively. Results Heavy drinkers scored higher on trait impulsivity (BIS-11) than light drinkers. In addition, heavy drinkers reported elevated levels of craving for alcohol, but both in light and heavy drinkers, craving increased equally after exposure to alcohol cues. Impulsivity appeared to moderate this relation: heavy drinkers with ineffective response inhibition showed more craving to alcohol cues, compared to heavy drinkers with adequate response inhibition. In light drinkers, response inhibition did not influence craving to alcohol cues. Conclusions Different aspects of impulsivity are involved in heavy drinking and perhaps motivate alcohol consumption in a variety of ways. Having a deficient response inhibition appears to be a risk factor for heavy drinkers because it is associated with increased craving to alcohol cues.
Introduction
Cue reactivity has been discussed extensively in the field of drug and alcohol abuse. A robust finding is that alcohol-dependent people relative to healthy controls show enhanced subjective (craving) and physiological reactivity (e.g. salivation) when exposed to alcoholrelated stimuli (Drummond 2000) . Although several theories have been proposed to explain cue reactivity, most evidence favours a positive incentive account (Carter and Tiffany 1999; Drummond 2000) . Regarding alcohol misuse/abuse, it is assumed that stimuli repeatedly paired with the reinforcing effects of alcohol acquire incentive value through classical conditioning and hence, elicit appetitive responses and promote drinking (Stewart et al. 1984; Robinson and Berridge 1993; Drummond 2000) .
However, the relationship between cue reactivity and alcohol misuse/abuse seems to be more complicated than it was originally expected. After all, most people in western societies are frequently exposed to alcohol and alcoholrelated cues and one would expect that anybody who ever drinks alcohol should come to display cue-elicited craving. Nevertheless, not all of us become heavy or dependent drinkers and not everyone who has ever drunk alcohol will feel intense craving in the presence of alcohol-related cues. Approximately a third of the participants in alcohol cuereactivity studies do not react when exposed to alcoholrelated cues (Litt et al. 2000) . Evidently, other factors mediate or moderate the relationship between cue reactivity and alcohol problem drinking. Some of these factors are conceptualized in terms of personality traits that may make someone vulnerable to substance misuse/abuse. A possible candidate is impulsivity.
Typically, impulsivity is conceptualized as a personality trait that leads to behaviour characterized by an inability to inhibit inappropriate action, lack of foresight or planning, and insensitivity to consequences Reynolds et al. 2006; Dom et al. 2007 ). The concept of impulsivity has been incorporated into major personality theories including those by Eysenck (Eysenck and Eysenck 1977) , Cloninger (1994) , Zuckerman (1989) , and Gray (1987) , and many self-report instruments and behavioural tasks have been developed to measure it. However, the correlation between them is mostly weak . Therefore, it seems that impulsivity is a multidimensional concept and different instruments and tasks assess different aspects of it.
There is wide agreement that there are at least two impulsivity dimensions. The first is related to response inhibition, while the second is concerned with motivation, in particular, sensitivity to reward (STR; Guerrieri et al. 2008; Nederkoorn et al. 2009 ). The former refers either to the failure to suppress a prepotent response or to early responding due to incomplete evaluation of all the relevant information Dom et al. 2007; Guerrieri et al. 2008) . The latter refers to a predisposition to detect and approach rewarding stimuli perhaps because of their increased salience (Gray 1987; Guerrieri et al. 2008) . Both impulsivity dimensions have been associated with alcohol problems.
As regards response inhibition, Noel et al. (2007) demonstrated that alcohol-dependent individuals versus healthy controls display impaired performance on the Go/No-Go task. Moreover, Nederkoorn et al. (2009) found that heavy drinking is associated with deficient performance on the Stop Signal Task, although only in women.
Regarding STR, Loxton and Dawe (2001) showed that increased STR is the best predictor of alcohol problems in adolescent girls. Similarly, Knyazev et al. (2004) found that self-reported STR predicts alcohol and substance use in adolescents and young adults. Finally, Kambouropoulos and Staiger (2007) reported that hazardous alcohol drinkers versus healthy controls score higher on self-report measures of STR.
Theoretically speaking, a high STR induces approach behaviour and increased cue reactivity to appetitive stimuli. In turn, these prepotent approach responses might not be inhibited in individuals with less effective response inhibition ). In particular, people high in STR may display intense craving to appetitive stimuli due to an overactive approach system, whereas people deficient in response inhibition may show increased craving to appetitive stimuli because they have difficulty inhibiting cueelicited approach responses.
Very few studies in the field of drug and alcohol addiction have examined the relationship between impulsivity and cue reactivity. Most of them have used self-report measures of impulsivity. Franken (2002) and Kambouropoulos and Staiger (2001) used the behavioural approach system (BAS) scale and found that increased STR is associated with high levels of craving for alcohol in dependent and heavy drinkers. Additionally, Doran et al. (2007 Doran et al. ( , 2008 found that more impulsive smokers (impulsivity measured with the Barratt Impulsiveness Scale, BIS-11) show higher levels of cue reactivity than less impulsive smokers.
The aim of the present study is to examine the relationship between different dimensions of impulsivity and cue-elicited craving for alcohol in heavy and light social drinkers. First of all, it is hypothesized that heavy drinkers are more impulsive than light drinkers. Specifically, it is expected that heavy drinkers will score higher on measures of trait impulsivity and STR and will display poorer response inhibition relative to light drinkers. Furthermore, it is expected that a less efficient response inhibition and higher levels of STR are associated with higher levels of cue-elicited craving for alcohol in social drinkers.
Methods

Participants
Forty-two (32 women and 10 men) participants with a mean age of 26 years, (SD=9.66) volunteered to participate in the study. All participants were Dutch native speakers recruited from the community and the University of Maastricht through telephone interviews, emails, and advertisements. During recruitment, special care was taken to recruit heavy social drinkers.
Exclusion criteria were (a) any prescribed psychoactive medication, (b) any neurological, psychiatric and/or substance abuse disorders except for smoking tobacco, and (c) being pregnant. None of the participants was excluded on the basis of the above criteria.
All participants had been asked before the experiment via an email or a brief telephone interview about their preferred type/brand of alcoholic beverage. University students were rewarded for their participation in the experiment with either course credits or a gift certificate of 7.5€. Participants from the community were rewarded with a gift certificate of 10€ (which included travel expenses).
Measures
Barratt Impulsiveness Scale version 11 The Dutch version of the BIS-11 (Patton et al. 1995 ) is a 30-item self-report questionnaire that assesses trait impulsivity. Each item is reported on a four-point scale. The total score varies from 30 (low impulsivity) to 120 (high impulsivity). The BIS-11 consists of three factors: Attentional Impulsiveness, Motor Impulsiveness, and Non-planning Impulsiveness. The original BIS-11 has been demonstrated to be reliable in both clinical and non-clinical populations (Patton et al. 1995) .
Response inhibition The stop signal task (SST) was used to assess response inhibition (Logan et al. 1997) . Each trial in this task begins with a 500-ms fixation point in the centre of the computer screen. Then, a go-trial follows. In each gotrial, participants are instructed to press as fast as possible either the right or the left "shift" button when a square pattern is presented either on the right or the left compartment of the screen, respectively. In 25% of the trials, an acoustic stop signal of 1,000 Hz is heard after the go-signal indicating that the participants must withhold their response.
The stop signal delay is initially set at 250 ms but throughout the task is adjusted dynamically allowing the participants to successfully inhibit their responses at approximately 50% of the stop trials. When the participant fails to withhold the response, the next stop signal is presented 50 ms earlier thereby, making the task easier. On the other hand, when the participant inhibits the response successfully, the next stop signal is presented 50 ms later, thereby making the task more difficult.
The dependent variable of interest in the task is the stop signal reaction time (SSRT), which is the difference between the mean Go reaction time and the mean stop signal delay, measured in milliseconds (ms). A higher SSRT is an index of impaired response inhibition.
In the present task, three practice blocks of, respectively, 6, 12, and 24 trials were followed by four test blocks of 64 trials each. Between blocks, participants were allowed to have a short break.
Sensitivity to reward STR was measured with the CardArranging Reward Responsivity Objective Test (CARROT; Al-Adawi and Powell 1997; Powell et al. 1996) . The task involves four trials (T1-T4). During T1, participants have to sort 60 cards as fast as possible. Participants' performance time on T1 is a time limit for each of the following three trials (T2-T4) which involve the sorting of 100 cards each. Trials T2 and T4 contain no reward. However, in T3 participants are instantly rewarded with 0.20€ for every fifth card sorted correctly. The dependent variable is the difference between the number of cards sorted in the rewarded trial and the average number of cards sorted in the two non-rewarded trials [T3−(T2+T4)/2]. Scores are converted to rates by dividing the number of cards sorted in each trial by the time taken to sort the 60 cards at T1.
Craving Craving was measured with five items chosen from the shortened version of the Desires for Alcohol Questionnaire (Love et al. 1998 ). The five-item craving questionnaire consisted of those items with the highest loading on each of the following four factors: (1) strong desires and intentions to use alcohol (two items were chosen) (2) positive and negative reinforcement, (3) control over drinking, and (4) mild desires to drink (Love et al. 1998 ). The five-item questionnaire had a good internal consistency, with a Cronbach alpha coefficient of 0.79.
AUDIT Alcohol problems were assessed with the Alcohol Use Disorders Identification Test (AUDIT; Fleming et al. 1991; Saunders et al. 1993 ). This selfreport instrument consists of ten multiple-choice items and is used to discriminate between people whose alcohol consumption is not harmful and those whose alcohol consumption reaches hazardous and problematic levels. A cut-off score of 11 was used in the present study (Fleming et al. 1991; Saunders et al. 1993 ).
Time-line follow-back questionnaire Alcohol use was assessed with a self-report instrument based on the timeline follow back-questionnaire (Sobell and Sobell 1990) . Participants had to report how many alcohol drinks of different types they had consumed on each day for the last 30 days. The sum score in this questionnaire is the total amount of alcohol standard drinks consumed during the last 30 days.
Procedure
Ethical approval was sought and obtained from the Ethical Committee of the Psychology Faculty of Maastricht University. Participants took part in one individual testing session arranged between 11:00 am and 18:00 pm.
Participants first had to read and sign the informed consent form and then to complete a brief demographic questionnaire. Following this, STR and response inhibition were assessed with the CARROT and the SST, respectively, in a counterbalanced order. Having done this, participants were exposed first to water and later to their preferred type/ brand of alcoholic beverage for 3 min, respectively. The order of cue-exposure conditions was not counterbalanced to avoid carry-over effects (Rohsenow and Niaura 1999) . There was a 5-min break between the cue-exposure conditions during which the participant was left alone in the laboratory to relax and to read some magazines (no alcohol advertisements were present; Fig. 1 ).
At the beginning (before cues were present) and at the end of each cue-exposure condition (while the cues were still present), participants rated their craving levels (Fig. 1) . During the alcohol exposure session, participants were presented with a commercially labelled bottle of their preferred brand of alcoholic beverage and a proper (for the type of beverage) empty glass. Then, they were asked to open the bottle and pour the alcoholic beverage into the glass. Following this, they were instructed to pick up the glass and sniff the alcoholic beverage, stare at the glass and the bottle of alcohol, sniff the alcoholic beverage in the bottle, and finally immerse their fingers into the glass with the alcoholic beverage and touch their lips and tongue with their fingers. In this way, they could taste the alcoholic beverage without drinking it. The instructions were repeated throughout the 3-min period of the exposure. The water exposure was identical to the alcohol exposure but the cue was a commercially labelled bottle of spring water. Drinking alcohol or water was not allowed during the exposure.
At the end of the alcohol exposure period, the Timeline Alcohol Questionnaire, the AUDIT, and the BIS-11 were administered to the participants in a counterbalanced order (Fig. 1) . Finally, they were thanked, debriefed, and received the reward for their participation in the experiment.
Statistical Analysis
Based on their AUDIT scores with a cut-off score of 11, participants were divided into heavy (N=13) and light (N= 29) social drinkers. One-way independent analysis of variance (ANOVA) was used to compare the heavy and light drinking groups on craving and impulsivity measures. Moreover, a median split was conducted on the CARROT, SST, and BIS-11 scores and participants were classified as high and low on each of these impulsivity measures, leading to three 2 (drinking group: heavy vs. light drinkers)×2 (impulsivity: high vs. low in impulsivity)×4 (cue exposure: baseline water, water exposure, baseline alcohol, alcohol exposure) different repeated-measures ANOVAs. The drinking group and the impulsivity level were the between-subjects factors, while cue exposure (four time points: baseline water, water exposure, baseline alcohol and alcohol exposure) was the within-subject factor. Craving for alcohol was the dependent variable. Greenhouse-Geisser correction was applied when Mauchly's test of sphericity was significant.
Results
General characteristics of the participants
One-way independent ANOVA indicated that the two drinking groups differed significantly on the amount of alcohol consumed in the 30 days before participation, F(1, 40)=30.43, p<0.001, with heavy drinkers (M=102.69, SD=53.94) drinking more than light drinkers (M=31.97, SD =29.34). Furthermore, there was a significant age difference between the two drinking groups, F(1, 40)= 4.59, p<0.05, with heavy drinkers (M=20.92, SD=2.06) being younger than light drinkers (M=27.55, SD=10.10). Finally, the gender distribution (male/female ratio) for each drinking group was 6/23 and 4/9 for light and heavy drinkers, respectively.
Trait and behavioural impulsivity measures
There was no significant difference in the SST (F[1, 40]<1, n.s.) and CARROT (F[1, 40]<1, n.s.) performances between the two drinking groups. Furthermore, there was no correlation between the three impulsivity measures in the present study. However, heavy drinkers scored significantly higher in trait impulsivity The effects of response inhibition (SST) on craving during cue-exposure in heavy and light drinkers A three-way repeated-measures ANOVA showed that there was a significant main effect of drinking group on craving levels (F[1, 38]=7.1, p<0.05, Fig. 2 ). Inspection of Fig. 2 shows that heavy vs. light drinkers had higher craving levels at each time point of the cue-exposure.
The cue exposure had a significant main effect on craving, (F[1.76, 67]=22.96, p<0.001). Within-subjects simple contrasts showed that craving levels after the alcohol cue exposure were significantly higher than craving levels at each of the three previous time points of the cue exposure (alcohol exposure vs. water baseline, However, there was no difference between the two drinking groups in their reactivity to the alcohol cues. The interaction between drinking group and cue exposure was not significant (F[1.76, 70]=1.1, n.s.). This means that the heavy drinkers did not report more cue-induced craving after the alcohol exposure than the light drinkers.
There appeared to be no significant main effect of response inhibition on craving (F[1, 38]=1.76, n.s.). This means that, in general, participants high and low in response inhibition did not have different craving levels throughout the cue-exposure procedure.
More importantly, the analysis showed that response inhibition did influence reactivity to alcohol cues differently in heavy and light drinkers: there was a significant interaction between response inhibition, cue exposure and drinking group, on craving (F[1.76, 67]=4.2, p<0.05). Within-subjects simple contrasts (alcohol exposure was used as reference) indicated that the interaction was marginally significant for alcohol exposure vs. baseline alcohol (F[1, 38]=3.91, p=0.055) and significant for alcohol exposure vs. baseline water (F[1, 38]=5.75, p<0.05).
To further investigate this relationship, an ANOVA was performed between response inhibition and increase in craving (craving after alcohol exposure−craving before alcohol exposure) for each drinking group separately. The analysis showed that the interaction was marginally significant for the heavy drinkers (F[1, 11] = 2.26, p=0.065) but not for the light drinkers (Fig. 3) . In other words, during the exposure to the alcohol cues, light drinkers with different response inhibition levels did not experience significantly different craving levels. On the other hand, heavy drinkers who were deficient in response inhibition experienced significantly higher craving than heavy drinkers with effective response inhibition. Therefore, the analysis demonstrated that ineffective response inhibition was associated with augmented cue-elicited craving in heavy drinkers but not in light drinkers.
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The effects of reward sensitivity and trait impulsivity on craving during cue-exposure in heavy and light drinkers
The same repeated-measures ANOVA was used, with groups based on the median score on the CARROT (high and low STR), heavy and light drinkers, and four time points during the cue exposure. The same significant main effects of drinking status, (F[1, 38]=5.98, p<0.05) 1 Based on a median split on monthly alcohol use, we can divide participants into equal groups of heavy (N=21) and light (N=21) drinkers. When using the median split the heavy drinking group is larger (21 vs. 13) and therefore the analysis has more power. When the same analysis is conducted, we find the same pattern of results with an even higher level of significance for the within-subjects simple contrasts (alcohol exposure vs. baseline alcohol, F[1, 38]=5.17, p< 0.05) and for the two-way interaction between response inhibition and alcohol cue exposure on the increase in craving for each drinking group separately, F[1, 19]=5.05, p<0.05. .001) were found as described above. However, neither the main effect of STR, nor any interaction effect appeared to be significant. In addition, the 2 (heavy vs. light drinkers)×2 (low vs. high in trait impulsivity, based on median score on BIS-11)×4 (four time points during cue exposure) repeated-measures ANOVA showed again a marginally significant main effect of drinking status (F[1, 38]=4.02, p=0.052) and a highly significant main effect of cue exposure (F[1.72, 65 .18]= 16.33, p<0.001) on craving. Neither the main effects of trait impulsivity nor any interaction effects were significant.
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Discussion
The primary aim of the present study was to investigate (a) whether there are differences in impulsivity between heavy and light social drinkers, (b) whether impulsivity moderates cue-elicited craving for alcohol in social drinkers. The results confirmed both of the above hypotheses.
First of all, heavy drinkers had higher impulsivity scores on the BIS-11 than light drinkers. Previous studies using the BIS-11 have also shown that heavy and dependent drinkers are more impulsive than healthy controls (Carlson et al. 2010; Lawrence et al. 2009; Rubio et al. 2008) . As the BIS-11 is thought to be a measure of trait impulsivity, the present results imply that impulsivity, as a personality characteristic, may predispose an individual to develop heavy drinking. Specifically, the Non-planning Impulsiveness subscale assesses lack of reflection and self-control as well as a tendency to focus on the present, while the Motor Impulsiveness subscale reflects the tendency to act on the spur of the moment without consideration of the negative consequences of one's own behaviour (Carlson et al. 2010; Stanford et al. 2009 ). These attitudes may predispose an individual to heavy drinking perhaps in order to experience the immediate positive reinforcing qualities of alcohol without consideration of the future negative consequences of heavy drinking (e.g. dangers of binge drinking). Individuals high on these traits may have greater difficulty refraining from alcohol, once they find themselves in a situation where alcohol is available.
An alternative explanation could be that heavy drinking causes or exacerbates impulsive characteristics in an individual (Jentsch and Taylor 1999) . In support of this argument, Scaife and Duka (2009) have shown that binge drinking is related to prefrontal cortex dysfunction in young social binge drinkers. Furthermore, Spinella (2005) found a negative correlation between the BIS-11 Non-planning Impulsiveness scale and a self-report index of the dorsolateral prefrontal cortex (DLPFC) and striatum activity (Spinella 2005; Stanford et al. 2009 ). Similarly, a negative correlation was reported between the BIS-11 Motor Impulsiveness subscale and a self-report index of orbitofrontal cortex activity (Spinella 2005; Stanford et al. 2009 ). It could be argued that heavy drinking patterns affect prefrontal cortex function and this was reflected on the higher BIS-11 scores of the heavy drinkers as compared to the scores of the light drinkers.
As regards the second hypothesis of the present study, the results showed that response inhibition, as measured with the SST, is associated with cue reactivity (craving) in heavy but not light social drinkers. It was found that heavy drinkers who were deficient in response inhibition had higher craving levels for alcohol than heavy drinkers who were efficient in response inhibition. Thus, a poorer response inhibition was associated with a difficulty to overcome strong appetitive-conditioned responses (e.g. cue-elicited craving for alcohol) in the presence of alcohol-related cues (e.g. a bottle of one's favourite alcoholic beverage). However, in our sample of young social drinkers, we found no evidence for the assumptions that heavy drinking results necessarily in impaired response inhibition or that response inhibition leads inevitably to heavy drinking. Therefore, it appears that a deficient response inhibition is a predisposing tendency or a risk factor that, in combination with a heavy drinking pattern and in the right context (e.g. in the presence of alcohol-related cues), leads to an inability to inhibit a conditioned appetitive response like craving.
Response inhibition is a prefrontal executive function and performance on the SST relies heavily on the right inferior prefrontal cortex and the frontostriatal pathway (Aron et al. 2004; Aron and Poldrack 2006; Rieger et al. 2003) . From a psychological point of view, response inhibition, as measured with the SST, is concerned with the inhibition and cancellation of a well-learned motor response. However, evidence is accumulating that the same inhibitory mechanism may be involved in the inhibition of memories and affective responses (Aron et al. 2004 ). Cue-elicited craving for alcohol is such an affective response that also relies on prefrontal activity. Neuroimaging studies show activation of a variety of prefrontal cortical areas and frontal subcortical structures in alcohol-dependent individuals during exposure to alcohol-related stimuli (Li et al. 2009 ). As such, cueelicited craving and response inhibition may rely on common prefrontal neural pathways and interact with each other. Our results suggest that such an interrelationship is plausible. Further support for this assumption comes from the findings of a recent neuroimaging fMRI study with alcohol-dependent individuals who performed the SST (Li et al. 2009 ). Although also in this study there was no difference between the SSRTs of patients and healthy controls, effective inhibitors in the healthy control group showed stronger activation of the left DLPFC than effective inhibitors in the patient group (Li et al. 2009 ). More importantly, within the patient group, those with higher craving levels showed more impaired DLPFC activation than those patients with lower craving levels (Li et al. 2009 ). Despite these preliminary results, more research is needed in order to understand this relationship at a psychological and neuropsychological level.
The current finding that heavy drinkers did not differ as a group in their SST performance from the light drinkers may result from the characteristics of the present sample and/or a moderate sample size. It is also possible that chronic alcohol abuse and dependence exacerbate inhibitory impairments in alcohol-dependent individuals and make it easier for these impairments to be detected by the SST in clinical populations.
Regarding reward sensitivity, the heavy drinkers did not differ in their CARROT performance from the light drinkers and no interaction was found between craving and reward sensitivity. At first glance, these findings appear to be in contrast with the results of previous studies (Franken 2002; Kambouropoulos and Staiger 2001) . However, in earlier alcohol studies, STR was measured with a self-report scale (BAS), while in the present study we used the CARROT, which is a behavioural measure of STR (Franken 2002; Kambouropoulos and Staiger 2001) . Although there is evidence for a relationship between trait reward sensitivity and CARROT performance, it may be that behavioural and self-report measures assess somewhat different aspects of STR Kambouropoulos and Staiger 2007) . Therefore, in the present study, we cannot draw any definite conclusion regarding reward sensitivity because our measures may not have been sensitive enough or appropriate to detect any differences between the drinking groups or any relationship between craving and reward sensitivity.
In sum, our results show that different aspects of impulsivity are involved in heavy drinking and perhaps motivate alcohol consumption in a variety of ways. High trait impulsivity, as measured with the BIS-11, appears to be a personality characteristic of heavy social drinkers and may result in/from heavy drinking patterns in young social drinkers. More importantly, response inhibition, as measured with the SST, appears to be a risk factor for some heavy drinkers because it affects their craving and perhaps their alcohol consumption in the presence of alcohol-related cues. This, in turn, may lead to the development of more serious alcohol problems for some heavy drinkers.
It remains of course to investigate empirically if response inhibition affects not only the craving but also the drinking behaviour of social drinkers in the presence of alcohol-related cues. Moreover, it would be interesting to examine whether the same mechanisms apply to clinical populations. Finally, if response inhibition is a risk factor for heavy drinking, then training response inhibition would lead to less craving and perhaps less drinking for some heavy alcohol and problem drinkers. Indeed, evidence supporting this idea comes from a recent study by Houben et al. (submitted) who reported a decrease in heavy drinkers' alcohol consumption after a week of response inhibition training with a Go/No-Go task. Therefore, the early detection of response inhibition problems and the incorporation of response inhibition training techniques in therapeutic programs may be of great value for some problem drinkers.
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